Sensor fusion is a signal processing discipline wherein one tries to merge -or fuse -sensor data information coming from different physical sensors. In this paper we illustrate how sensor fusion can be used to design a low tire pressure warning system using existing sensors on a modern vehicle. Results from real-world tests on a car are given as illustration of the method's feasibility.
INTRODUCTION
There are plenty of on-going R&D projects on tire pressure indication, reflected in more than 40 patents worldwide (see e.g. [1] , [2] , [3] ). There are two classes of patents using standard sensors (wheel speed sensors):
1. Vibration analysis using the fact that the rubber in the tire reacts like a spring when excited by road roughness. Characteristic features are a high sampling frequency on wheel speed and disturbance rejection from vibration caused by other moving parts in the vehicle. The vibration analysis can be performed by FFT-based methods or by parametric methods (using an auto-regressive model). 2. Wheel radius estimation and comparison. The most common suggestion is to monitor a residual based on a static non-linear transformation of wheel speeds, which should be close to zero when the tires are equally large. This residual is then averaged and compared to a decision threshold.
NIRA Dynamics is pursuing multiple tracks in parallel in trying to design an accurate and cost-effective tire pressure indication system. This paper will outline one approach, which relies on patent pending ideas for vehicle-specific sensor fusion algorithms.
SENSOR FUSION
The sensor fusion idea is quite general and has many different application areas. As the name indicates, sensor fusion is about fusing information from several different physical sensors. The goal is to compute new virtual sensor signals using information from the existing, physical sensors. The virtual sensors can in principle be of two different types:
1. Improved versions of physical sensors. The goal is either to achieve higher performance using existing sensors or to reduce system cost by replacing expensive sensors by cheaper ones and using sensor fusion to restore signal quality. 2. New types of sensors, which have no direct physical counterpart among the sensors used.
Sensor fusion is used in, for example, navigation, target tracking, aircraft attitude estimation and various other military applications to achieve exactly these goals [4] . Our primary aim is to develop unique sensor fusion based systems for vehicles -in particular for vehicle dynamics applications -and the challenge is to utilize the potential to both improve performance and reduce the system cost. related signals. These signals are fed into a sensor integration unit, which merges the information in the different sensors and allows the computation of the virtual sensor signals. These, in turn, may be used as inputs to various control systems, such as anti-spin systems and adaptive cruise control systems, or in some Human/Machine Interface (HMI), for example a display on the dashboard.
The possibility to compute virtual sensor signals is of course very appealing, but sensor fusion also gives us tools to improve fault diagnosis of the physical sensors. The reason for this is that, by using sensor fusion, we introduce analytical redundancy, which can be used to detect and isolate different sensor faults. The redundancy also implies that we can reconfigure the system if one or more sensors brake down to achieve so-called degraded, or "limp home", functionality. Classical designs rely on hardware redundancy to achieve these goals, which is a very expensive solution compared to using sensor fusion software.
TIRE PRESSURE WARNING USING SENSOR FUSION
In earlier work [5] , it has been shown that it is possible to estimation the tire-road friction on-line using adaptive filtering. As suggested in [5] , one can use the so-called slip offset estimated in the road-friction estimation routine as an indicator of relative wheel radius. It is a linear function of data, and is thus not as sensitive to noise as other suggestions. The slip offset estimates the relative difference in radii between left and right wheel pairs. As a complement and further support, the relative difference between front and rear wheel pairs is computed by the high precision yaw rate filter described below, which further has the potential to compute absolute wheel radius.
As indicated in Figure 5 , the idea behind the high precision yaw rate filter is to utilize available information from existing sensors and to use sensor fusion to compute a drift-free yaw rate. In the sensor integration unit the yaw rate gyro signal is compared to a yaw rate estimate obtained using sensor fusion of the indicated sensors. As a side result, an online estimate of the relative radii for front and rear wheels is obtained.
By combining the relative wheel radii information about left and right and front and rear wheel pairs, available from the tire-road friction and high precision yaw rate estimation routines, respectively, it is possible determine absolute wheel radii information for the tires. Hence, it is clear that one can draw conclusions about pressure losses using this approach. From a simple enumeration exercise (not detailed here), it is easy to see that using this kind of information one can detect pressure losses in one, two, or three wheels, but there is no possibility for detecting diffusion (i.e. equal pressure loss in all four wheels). In the next section we will give an example showing the feasibility of the idea.
TEST RESULTS
An example of the results obtained is shown in Figure 2 below. Low pressure in one tire (or several) manifests itself in differences in relative radii between the different tires, which can be used for tire pressure estimation/monitoring. Two cases are illustrated. First, a test with low pressure in one of the rear tires and second a similar case where one of the front tires had low pressure. As can be seen in the figure, in each case there is a clear difference in the estimated radii offsets, which facilitates the low tire pressure warning. 
CONCLUSION
A novel approach for detecting low/changed tire pressure has been outlined. The approach uses sensor fusion of different existing sensors in a modern vehicle and can detect low/changed tire pressure in one, two, or three wheels. The accuracy and speed of response is good.
